ABSTRACT: Starch betainate was applied in flocculation of kaolin suspension. The flocculation efficiency of starch betainate increased with the increase of both DS and molecular weight of starch betainate, which demonstrated that the flocculation was realized mainly by charge neutralization and bridging of the particles. When the dose of crosslinked starch betainate with DS of 0.33 was 3ppm, the removal ratio of turbidity could reach 90.5%, which was similar to the effect of traditional etherified cationic starch. The flocculation efficiency of starch betainate decreased with the increasing amount of salt in the kaolin suspension. Besides, pH of 5-7 was shown reasonable for starch betainate in the application.
INTRODUCTION
In recent years, bio-flocculants are being considered as promising alternatives to conventional synthetic flocculants. Compared with conventional flocculants, bio-flocculants can be more attractive from the point of view of biodegradability and renewability (Lee et al., 2014) . Many natural polysaccharides, such as starch, cellulose, chitosan, have been used as substrate for ecofriendliness and low-cost alternatives to current synthetic flocculants, especially starch (Chen et al., 2007) (Hiroyuki & Ryo, 2015) (Wang et al., 2011) . Cationic starch has been proved to be an effective flocculating agent (Pal et al., 2005) (Sagar et al., 2008) .
Starch betainate is prepared by linking betaine to starch through an ester bond. Betaine, (carboxymethyl)-trimethylammonium hydroxide inner salt, which is a natural quaternary ammonium cationizing reagent, is especially abundant in sugar beets (Grano et al., 2000) (Rachel & Marguerite, 2003) . As a novel cationic starch derivative, starch betainate is considered to be more environmentally friendly and more promising than the traditional cationic starch ethers currently in commercial use as it solely consists of natural, biodegradable and renewable products. At present, little is known about the effectiveness of starch betainate as a flocculant. In this study, we aim at the flocculation effectiveness of starch betainate for the removal of kaolin from aqueous solution. The flocculation of kaolin was examined by the batch method with respect to pH, degree of substitution (DS) of the starch betainate, salinity and flocculant dose. Besides, the effectiveness of crosslinked starch betainate was compared with that of traditional cationic starch.
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MATERIALS AND METHODS
Starch betainate(SB) and crosslinked starch betainate(CSB) were synthesized by direct esterifying native maize starch and crosslinked maize starch with betaine hydrochloride by dry process with dicyandiamide as a dehydrating agent, respectively. Cationic starch(CS) was synthesized by native maize starch with 2,3-epoxypropyltrimethylammonium chloride by dry process, and NaOH as catalyst. The DSs of SB,CSB and CS were determined by the Kjeldahl method. Two kinds of SB were used, which were designated as SB1 and SB2, respectively.
Their DS of quaternary ammonium cationic groups were 0.05 and 0.32, respectively. Both the DS of CSB and CS were 0.33. The structures of SB, CSB and CS were shown in Scheme 1.
Kaolin and hydrochloric acid were used as received. Sodium hydroxide was of analytical grade. DS had a large influence on the removal ratio of turbidity and optimum dose of flocculant. The removal ratio of turbidity increased with increasing DS because of the increasing cationic charges of the flocculant, while the optimum dose of flocculant decreased. DS of CSB is similar to that of SB2, but the efficiency of flocculation of CSB is better than that of SB2. The reason for it may be that molecular weight of crosslinked starch betainate is higher than that of starch betainate, which benefited the polymer bridging of the particles. The highest removal ratio of turbidity for CSB and SB2 was respectively 90.5% and 87.5%, and the corresponding optimum dose was respectively 3ppm and 5ppm.
Effect of pH on flocculation
The influence of pH on the removal ratio of turbidity was observed over a pH range of 2-10 with 3ppm of CSB. Figure 2 showed that the pH of 5-7 was reasonable. At a lower pH, the negative active sites of kaolin surface decreased due to adsorption of H + ions onto negative charge centers of kaolin. Therefore, flocculation value was lower. At high pH, the electrostatic attraction between negative kaolin and positive CSB was weakened because Coulomb force between OH -ions and crosslinked starch betainate reduced free active sites in CSB, so flocculation efficiency decreased. Besides, hydrolysis of CSB at higher or lower pH was a disadvantage for the flocculation. 
Effect of salinity on flocculation
In general, there are large quantities of salt dissolved in the effluent, so the effect of NaCl concentration on the flocculation of kaolin by using 3ppm of CSB at pH 6 was investigated.
From Figure 3 , the existence of NaCl hindered the flocculation of kaolin. The removal ratio of turbidity decreased quickly when the amount of NaCl increased from 0 to 0.1M, thereafter decreased slowly with the increase of concentration of NaCl. The reason for this may be that both electric charge neutralisation and polymer bridging between kaolin and CSB were weakened due to more Cl -ions around CSB. However, the increase of NaCl also resulted in flocculation of kaolin. Therefore, the removal ratio of turbidity decreased slowly with the further increase of NaCl. 
